The influence of the addition of Sn on the selective oxidation and the reactive wetting of CMnSi transformation-induced plasticity (TRIP) steels was studied by means of galvanizing simulator tests. A reference TRIP steel and TRIP steels containing Sn in the range of 0.05 to 1 wt pct were intercritically annealed at 1093 K (820°C) in an N 2 + 5 pct H 2 gas atmosphere with a dew point of À60°C. The thin-film oxides formed on the surface of the Sn-added CMnSi TRIP steel were investigated using transmission electron microscopy and 3-dimensional atom probe tomography. The addition of Sn ( ‡0.05 wt pct) changed the morphology of the xMnOAESiO 2 surface oxides from a continuous film morphology to a lens-shaped island morphology. It also suppressed the formation of the Mn-rich oxides of MnO and 2MnOAESiO 2 . The changes in the morphology and chemistry of the surface oxides were clearly related to the surface segregation of Sn, which appeared to result in a decrease of the oxygen permeability at the surface. The formation of lens-shaped oxides improved the wettability of the CMnSi TRIP steel surface by the molten Zn. The improved wetting effect was attributed to an increased area fraction of the surface where the oxide layer was thinner. This enabled a direct, unhindered reaction between Fe and the Al in the liquid Zn and the formation of the inhibition layer in the initial stages of the hot dipping. The addition of a small amount of Sn was also found to decrease significantly the density of Zn-coating defects on CMnSi TRIP steel.
I. INTRODUCTION
ADVANCED high-strength steels (AHSSs) have attracted a growing interest in recent years due to their excellent strength and ductility. Mn, Si, and Al are essential alloying elements needed to obtain the mechanical properties. These elements also cause the poor surface quality of hot-dip Zn coatings on AHSS as they form selective oxides on the surface during the continuous annealing. Prior to hot-dip galvanizing (HDG), cold-rolled steel is annealed in an H 2 and N 2 gas mixture containing water vapor. In this annealing atmosphere, iron oxide formed during cold rolling is reduced to elemental Fe. As Mn, Si, and Al have a high affinity for oxygen, they are preferentially oxidized on the surface of the steel in the low-dew point (DP) annealing furnace gas atmosphere of industrial HDG lines operated in standard conditions. [1] [2] [3] [4] This selective oxidation is due to the oxygen produced by water vapor in the gas atmosphere in the following reactions: FeO + H 2 fi Fe + H 2 O; H 2 O fi H 2 + 1/2O 2 . These surface oxides lead to a deterioration of the wettability of the intercritically annealed strip by the molten Zn. Figure 1 shows the stability of the Mn-Si compound oxides with respect to the oxygen partial pressure (P O2 ) in the experimental conditions of the present study. The Gibbs oxide formation energies given by Lee [5] were used for the calculations. For the conditions located below each curve, the oxide is unstable, while, above the curve, the metal is oxidized. The value of P O2 used for the present study is indicated by the dashed line in the diagram. It clearly shows that MnO, 2MnOAESiO 2 , MnOAESiO 2 , and SiO 2 oxides are stable in the annealing conditions of the present study, whereas FeO is unstable. When ordered from the highest to the lowest stability, the stability sequence of the oxides is as follows: SiO 2 > MnOAESiO 2 > 2MnOAESiO 2 > MnO.
The addition of surface-active elements has been suggested as a possible method to improve the quality of the hot-dip Zn coating on AHSS. Surface-active elements such as Sb and Sn tend to segregate to grain boundaries and the free surface during annealing. When these elements segregate to the surface, they have been reported to suppress the surface oxidation. [6] [7] [8] [9] Zhang et al. [6] showed that, in Sb-alloyed transformation-induced plasticity (TRIP) steel, the depth of internal oxidation decreased during intercritical annealing (IA). Recently, Cho et al. [10] studied the selective oxidation and the reactive wetting of the five TRIP steels containing small alloying additions of Cr, Ni, Ti, Cu, and Sn.
Of the five alloying elements, Sn influenced the morphology of the surface oxides most significantly. The addition of Sn also drastically improved the coating quality of hot-dip galvanized TRIP steel.
Although the previous reports have confirmed the beneficial effect of small additions of Sn or Sb on the wettability of the annealed strip by the molten Zn, the mechanism controlling the change of the oxidation behavior is still not clear. The difficulty in revealing the precise mechanism is due to the fact that the additions of Sb or Sn which were made to the steel in previous studies were very small. Sb and Sn are usually considered to be tramp elements and their content is strictly limited to less than 0.05 wt pct in many applications as they have an adverse effect on the grain boundary cohesion. [11] The study of the actual distribution of the surface-active elements at the surface or in the subsurface of actual steel grades is therefore challenging and requires the use of high-sensitivity micro-analysis techniques which are able to detect minor amounts of impurities. Furthermore, the micro-analysis method must allow for the analysis of the microstructure of the nanometer-thick surface layers which are enriched in the surface-active elements.
In the present study, high-resolution transmission electron microscopy (TEM) and 3-dimensional atom probe tomography (3D APT) were therefore used to analyze the effect of Sn on the surface and subsurface selective oxidation of continuously intercritically annealed Sn-added CMnSi TRIP steel. The Sn content of the TRIP steel was varied in the range of 0.05-1 wt pct to allow for the analysis of more pronounced effects on the surface or the subsurface. A comparison between the experimental results and calculated results based on the model proposed by Huin et al. [12] was made. The galvanizability of the intercritically annealed Sn-added TRIP steels was evaluated by laboratory simulation tests.
II. EXPERIMENTAL
An industrially cold-rolled full-hard reference TRIP steel and three Sn-added TRIP steels containing 0.05, 0.5, and 1 wt pct Sn were used for the present work. Table I lists the chemical composition of the four TRIP steels. The dimensions of the sheet panels used for the annealing and the Zn hot dipping experiments were 160-180 mm in length, 120 mm in width, and 1.2 mm in thickness. The samples were intercritically annealed in an IWATANI SURTEC HDG simulator manufactured by IWATANI Inc. The details of the HDG simulator were described in previous work. [10] The continuous annealing simulation was carried out at an IA temperature of 1093 K (820°C) in an N 2 + 5 pct H 2 gas atmosphere with a DP of 213 K (À60°C). Prior to the continuous annealing simulation, small coupons of 20 9 50 mm [2] taken from larger panel samples were mirror-polished with a 1 lm diamond suspension in order to allow for cross-sectional TEM observations which are not influenced by the sheet surface roughness.
The continuous annealing consisted of heating at a heating rate of +3 K/seconds to the IA temperature of 1093 K (820°C). The panels were held at the IA temperature for 47 seconds, slow cooled at a cooling rate of À3 K/seconds to 943 K (670°C), rapidly cooled at a cooling rate of À17.6 K/seconds to the isothermal bainitic transformation (IBT) temperature of 673 K (400°C), and held at the IBT temperature for 120 seconds prior to a final rapid cooling to room temperature with N 2 gas. The final cooling rate ranged from À20 to À30 K/seconds.
The morphology of the surface oxides formed during the continuous annealing was investigated by scanning electron microscopy (SEM) and TEM. The surface of the annealed sample was analyzed in a ZEISS ULTRA-55 field emission (FE) SEM operated with an accelerating voltage of 10 keV. TEM samples were prepared by both the FIB technique and the carbon replica extraction method. The cross-sectional TEM samples were prepared by the FIB technique in an FEI Quanta 3D FEG. The replica TEM samples were obtained using the conventional one-step method which involves coating the annealed samples with carbon and etching the carbon-coated sample in a 10 pct nital solution to lift off the carbon/oxide films. The carbon film was then picked up on a Cu grid. The TEM samples were analyzed in a JEOL JEM-2100F FE-TEM operated at 200 keV. The oxide composition was determined by means of energy-dispersive spectroscopy (EDS) using a nanometer-sized electron beam. The Oxford INCA software was used for the quantitative analysis of the composition. The TEM images taken from replica TEM samples were analyzed using the Image-Pro Plus ver. 6.0 image analysis software to measure the area fraction of thin oxide region.
Chemical concentration-depth profiles of the surface of the annealed samples were obtained by glow discharge optical emission spectrometry (GDOES) using a LECO GDS-850A. The GDOES analysis was done using a voltage of 700 V, a constant current of 20 mA, Fig. 1 -Temperature dependence of the equilibrium oxygen partial pressure for metal oxide/metal systems. [5] and an Ar pressure in the range of 9 to 13 hPa. The analyzed area was approximately 4 mm in diameter.
The 3D atomic scale characterization of the Sn distribution at the surface and in the subsurface of the annealed samples was carried out using a laser-assisted 3D APT (CAMECA-LAWATAP). The 3D APT sample was prepared by the FIB technique in an FEI Helios Nanolab 650. Prior to the 3D APT sample preparation, the 500-nm-thick Au layer was deposited on the steel sample to protect the surface. In addition, the Au deposition made it easy to distinguish the surface region during the final sharpening of the APT tip, since the Au layer is characterized by a brighter contrast in SEM imaging due to its high atomic number. The sample was analyzed at 30 K (À243°C) using 343 nm laser pulses with a duration time less than 500 femtoseconds and a repetition rate of 100 kHz.
The model proposed by Huin et al. [12] was used to predict the depth of the internal oxidation of a steel containing 1.6 wt pct Mn and 1.5 wt pct Si during an intercritical annealing of 47 seconds. The theoretical model and the method to calculate the thermodynamic equilibrium are well described in the original work. [12] Three atmospheres were selected for the simulation conditions: N 2 + 5 pct H 2 gas atmosphere with a DP of 213 K, 213 K, and 203 K (À70°C, À60°C, and À10°C). The value of P O2 at the IA temperature in these conditions was calculated using a formula provided by Huin et al. (Table II Galvanizing simulations were carried out in an IWATANI SURTEC HDG simulator. The thermal cycle for the experiments was based on a thermal cycle similar to the one used in industrial galvanizing lines with a continuous annealing section prior to the hot dipping in an Fe-saturated liquid Zn bath. The Zn bath temperature was 733 K (460°C) and the total Al content of the Zn was 0.22 wt pct. Prior to the galvanizing simulation, the sheets were degreased with kerosene, and ultrasonically cleaned in ethanol and acetone to remove all lubricant residues and iron fines. The samples were dipped in the liquid Zn bath after the continuous annealing simulation for 4 seconds and rapidly cooled to room temperature with N 2 gas. The dipping direction of the samples was perpendicular to the rolling direction. Figure 2 shows the xMnOAESiO 2 oxides formed on the surface of the reference TRIP steel and the three Sn-added TRIP steels during continuous annealing in an N 2 + 5 pct H 2 gas atmosphere. The morphology of the oxides was significantly influenced by the addition of Sn. Continuous oxide layers were formed at the surface of the reference TRIP steel [ Figure 2 (a)]. Two types of oxide layers were formed. One layer was a thick granular layer of Mn-rich oxide. The other was a thinner Si-rich film-type oxide layer. On the 0.05 pct Sn-added TRIP steel surface, the morphology of the Si-rich oxide layers changed to an elongated or lens-shaped morphology, whereas the morphology of the Mn-rich oxides remained granular. On the 0.5 pct Sn-added TRIP steel, only lens-shaped oxide islands were formed. No granular Mn-rich oxide or film-type Si-rich oxide was formed. The diameter of the lens-shaped oxide islands was in the range of 20 to 200 nm. On the 1 pct Sn-added TRIP steel, lens-shaped oxide islands and film-type Si-rich oxide layers were formed. The mean diameter of the lens-shaped oxide islands formed on the 1 pct Sn-added TRIP steel was smaller than that for the 0.5 pct Sn-added TRIP steel. No granular Mn-rich oxides were formed at the surface when the Sn addition was larger than 0.5 wt pct, and mainly lens-shaped oxide islands were present at the surface. Figure 3 shows GDOES elemental depth profiles for the surface and the subsurface of the four TRIP steels after continuous annealing in an N 2 + 5 pct H 2 gas atmosphere with a DP of 213 K (À60°C). In general, . This is indicative of a clear transition from internal Si oxidation to external Si oxidation with increasing the Sn content. The internal oxidation depth decreased slightly when the Sn content of the steel was increased. The oxidation depth was determined by measuring the depth at which the oxygen concentration profile reaches half of its maximum concentration, as indicated by the dashed lines in Figure 4 (c). The depth at half maximum oxygen concentration for the reference TRIP steel and 0.05, 0.5, and 1 pct Sn-added TRIP steels was 27, 26.5, 24, and 22 nm, respectively. The Sn Huin et al. [12] T is the absolute temperature in K. TEM was used to observe the morphology and spatial distribution of the xMnOAESiO 2 oxides at high magnification. Figure 5 shows cross-sectional TEM micrographs of the oxides formed at the surface of the four TRIP steels. Note that Pt and Au layers were deposited prior to the FIB sample preparation to protect the surface. Both external and internal oxidation were observed for the reference TRIP steel and the 0.05 pct Sn-added TRIP steel. Film-type oxide layers were formed at the surface of the reference TRIP steel and the 0.05 pct Sn-added TRIP steel, while lens-shaped oxide islands were formed on the 0.5 pct Sn-added and 1 pct Sn-added TRIP steels. Thin oxide layers were present between the lens-shaped oxide islands. No internal oxidation was observed for the 0.5 pct Sn-added TRIP steel and the 1 pct Sn-added TRIP steel. The transition from internal to external oxidation with increasing Sn content as observed by the cross-sectional TEM observations was in agreement with the GDOES results which showed a decrease of the internal oxidation depth with increasing Sn content (Figures 3  and 4) . Figure 6 shows EDS elemental distribution maps for Fe, Mn, Si, O, and Sn at the surface of the continuously annealed 1 pct Sn-added TRIP steel. Si was mainly enriched at the base of the lens-shaped oxide. Mn was enriched at the upper part of the lens-shaped oxide. At the sides of the lens-shaped oxide island, thin-film-type oxides were present and their thickness was less than 5 nm. Sn was enriched beneath the lens-shaped oxide and the thin-film-type oxides. The Sn concentration at the interface between the steel and the lens-shaped oxide was 6.5-10.2 wt pct (2.0-3.0 at. pct).
III. RESULTS

A. Morphology and Chemistry of the Surface Oxides
The oxide species formed on the surface were found to depend on the Sn content of the four TRIP steels. Figure 7 shows the Mn/Si atomic ratio of the surface oxides as a function of Sn content of the steel. For each steel, 30 EDS measurements were randomly taken on the surface oxides. It is clear that the Mn/Si atomic ratio decreases with increasing steel matrix Sn concentration. When the Sn content was higher than 0.05 wt pct, the Mn/Si atomic ratio was smaller than one, i.e., the Mn-rich oxides, MnO and 2MnOSiO 2 , were not present at the surface. This is in agreement with the GDOES results which also showed that the Mn/Si ratio at the surface decreased as the Sn content of the steel increased. This is also in agreement with the SEM observations which showed that no granular Mn-rich oxides were formed on the 0.5 pct Sn-added TRIP steel and the 1 pct Sn-added TRIP steel.
A flat-on view of the surface oxides was provided by analysis of the replica TEM samples. Figure 8 shows TEM micrographs of the oxides formed on the surface of the reference TRIP steel and the 1 pct Sn-added TRIP steels. The dark regions where the oxide layers were thinner are indicated by the arrows in Figures 8(a) and (c). The area fractions of the thin oxide region for the reference TRIP steel and the 1 pct Sn-added TRIP steel were measured to be 0.062 and 0.37, respectively. The lens-type morphology of the oxides formed on the 1 pct Sn-added TRIP steel clearly represents a much larger area fraction of the thin oxide regions as compared to the film-type morphology of the oxides formed on the reference TRIP steel. Figure 8(d) shows EDS elemental distribution maps for Mn, Si, O, and Sn. The reason for the low intensity of the Mn EDS map is that MnO is soluble in the nitric acid used during the replica extraction, as reported by Wang et al. [13] In the thin-film-type oxide areas, a slight Sn enrichment was observed. Although the intensity of the Sn peak in the EDS map of Figure 8 (d) was higher in the region where the oxides were thinner than on the oxide islands, this does not imply that Sn was distributed inhomogeneously on the surface because the thicker region of the oxide could have prevented the detection of the Sn peak during the EDS measurements. TEM-EDS analysis also indicated that the Sn was enriched beneath both the lens-shaped oxides and the thin-film-type oxides ( Figure 6 ).
3D APT was used to investigate the elemental distribution at the surface and in the subsurface of the 1 pct Sn-added TRIP steel. Figure 9 [12] based on one-dimensional explicit finite differences, was used for the calculations. The calculation was carried out assuming that only MnO and SiO 2 could form and their solubility products had finite values. An isothermal annealing for 47 seconds in an N 2 + 5 pct H 2 gas atmosphere with a DP of 203 K (À70°C), 213 K (À60°C), and 263 K (À10°C) was simulated. The 213 K (À60°C) DP conditions were selected to simulate the present experimental condition and, for comparison purposes, the 203 K (À70°C) DP conditions and the 263 K (À10°C) DP conditions were selected as low P O2 atmosphere and high P O2 atmosphere conditions, respectively. In 213 K (À60°C) DP conditions [ Figures 10(c) and (d) ], the enrichment in Mn occurs only at the surface, whereas enrichment in Si occurs over a certain distance below the surface. The total mass fraction of Si was found to reach a minimum value at a depth of 0.02 lm. MnO could precipitate only near the surface, while SiO 2 was precipitated 0.25 lm below the surface. Mn and Si can be externally oxidized due to a relatively large oxygen content at the outermost surface. However, the oxygen concentration in the subsurface is much smaller than in the outer surface. In this condition, Si will always be oxidized first because Mn, whose oxide has larger solubility product, cannot form an oxide for low amounts of oxygen. After an isothermal annealing under 263 K (À10°C) DP conditions [ Figures 10(e) and (f) ], i.e., high P O2 atmosphere conditions, the depth of internal oxidation of Si and Mn increased. The total mass fractions of Mn and Si were found to reach a minimum value at a depth of 0.083 and 0.11 lm, respectively. As the P O2 of the annealing atmosphere increased, the Si enrichment at the surface decreased and Si tended to be oxidized internally. In contrast, the Mn enrichment at the surface increased as compared to the case of the 213 K (À60°C) DP conditions. Under 203 K (À70°C) DP conditions [Figures 10(a) and (b)], i.e., in a low P O2 atmosphere, the depth of internal oxidation decreased substantially as compared to the 213 K (À60°C) DP conditions. The total mass fraction of Si was found to reach a minimum at the node immediately below the surface (depth of 0.01 lm). The front depth of SiO 2 precipitation was 0.20 lm. As the product of the local concentrations of Mn and oxygen was smaller than K MnO at the surface, MnO did not precipitate. These calculations clearly indicate that as the P O2 of the atmosphere decreased, the internal oxidation was suppressed and the Mn/Si mass ratio at the surface decreases (Table IV) .
It should be pointed out that the application of the model of Huin et al. sometimes results in the numerical error that the mass fraction at the outermost node (distance from the surface = 0) exceeds the maximum possible mass fraction, 1,000,000 ppm especially in the condition where external oxidation is promoted relative to internal oxidation [ Figures 10(a) and (c) ]. Recently, Brunac et al. [14] further developed the model of Huin et al. and showed that this kind of numerical error does not arise if expansion of the geometry due to the precipitation is considered. This adjustment on the geometry was however not considered in the present study.
C. Galvanizability
The galvanizability of the TRIP steels was also investigated by observation of the surface quality of the as-galvanized panels. Figure 11 shows the visual appearance of the panels galvanized after being intercritically annealed at 1093 K (820°C) in an N 2 + 5 pct H 2 gas atmosphere with a DP of 213 K (À60°C). The coating quality of the galvanized panels was significantly improved by the Sn addition. No Zn coating was present at the surface of the galvanized panel of the reference TRIP steel [ Figure 11 (a)], and bare spots were observed at the edge of the galvanized panel of the 0.05 pct 
IV. DISCUSSION
A. Surface Segregation of Sn
As was already presented in a previous study, [10] the strong tendency of certain elements for surface segregation can be associated with their larger atomic size relative to the matrix Fe atom size. One of the driving forces for the surface segregation is the lowering of the elastic strain energy in the bulk which arises from the lattice strain surrounding a solute. Second, the surface energy is reduced by the coverage of the steel surface with a layer of the segregated element. After continuous annealing of an Sn-added TRIP steel, most of the Sn atoms appeared to be present mainly beneath the oxide layer (Figures 6 and 8) . The crystallographic structure of the Sn-enriched layer at the IA temperature 1093 K (820°C) could not clearly be identified by room-temperature TEM observation. Viefhaus et al. [15] studied the surface segregation of Fe-4 wt pct Sn single crystals in the temperature range of 723 K to 873 K (450°C to 600°C). They reported that a layer of the FeSn intermetallic compound was formed at the surface of the Fe-Sn alloy. The Sn content of the Sn-enriched layer observed in the present work was in the range of 2 to 14 at. pct (Figures 4, 6 , and 9). According to the Fe-Sn binary phase diagram, [16] the Sn content should exceed 37.6 at. pct in order for the liquid phase to be stable at the IA temperature. The presence of the liquid phase at the surface during IA is therefore unlikely. The Fe-Sn binary phase diagram also indicates that when the Sn content is in the range of 7 to 14 at. pct, the stable phases at the IA temperature are a-Fe and Fe 5 Sn 3 . This suggests that a very thin layer of the Fe-Sn intermetallic compound, Fe 5 Sn 3 , was formed at the steel/oxide interface during IA, although it is acknowledged that no direct evidence for its formation was found in the course of the present work.
There was a large difference between the Sn concentrations obtained by GDOES, TEM-EDS, and 3D APT analysis methods. The maximum Sn enrichment at the surface of the 1 pct Sn-added TRIP steel was measured to be 1.4 at. pct by GDOES analysis [ Figure 4(d) ]. The maximum Sn enrichment measured by TEM-EDS analysis was 3 at. pct ( Figure 6 ). The maximum Sn enrichment measured by 3D APT analysis was 14 at. pct [ Figures 9(c) and (d) ]. The broadening of the interfaces is very likely the main reason for the low maximum Sn concentration measured by GDOES. As the interface broadens, concentration profiles were spread out and the measured maximum enrichment decreased. The Sn concentration measured by 3D APT was found to be much higher than those measured by GDOES and TEM-EDS analysis. This may be due to high spatial resolution of 3D APT. Some discrepancy may however originate from the location of the Sn 2+ peaks in the ''thermal tail'' of the main Fe + peak. This leads to a high noise level in the mass-to-charge spectrum and thus complicates the accurate detection of the Sn atoms.
The concentration-depth profiles obtained from GDOES and 3D APT analysis were not in full agreement. The ablation method used in GDOES broadens Fig. 7(c) . The TEM samples were prepared by the carbon replica technique. the concentration profiles considerably compared to those obtained by 3D AP. Some discrepancy between the concentration profiles obtained by both the methods is reasonable considering that the area analyzed by GDOES and 3D APT was significantly different and that the thickness of the surface oxide layers was not homogeneous. The most probable explanation for the discrepancy is the low depth resolution of GDOES, i.e., the small distance between two resolvable spots in the depth direction. [17] It has been shown that a loss of depth resolution is a common feature of GDOES by the analysis of well-defined multi-layers. [18, 19] This is mainly due to crater shape effects, i.e., the existence of the well around the crater, the roughening of the crater bottom, and re-deposition from the crater, which broaden the interface width. [18] In contrast, the depth resolution of 3D APT was much higher as the width of the steel/oxide interface was less than 5 nm [ Figures 9(b) and (c)] . 
B. Effect of Sn on the Oxidation Behavior
Lyudkovsky, [9] Clauberg et al., [7] and Zhang et al. [6, 8] reported that the internal oxidation was suppressed in Sb-alloyed steels. Clauberg et al. and Zhang et al.
reported that the segregation of Sb at the surface resulted in a decrease of the oxygen permeability, i.e., product of solubility and diffusivity. Yin and Sridhar [20] reported that Sn addition also decreased the oxidation rate of an Fe-Cu-Sn alloy. The key observation of the present study was that when the Sn content of the CMnSi TRIP steel was higher than 0.5 wt pct, the formation of a granular Mn-rich xMnOAESiO 2 surface oxide film was entirely suppressed (Figure 2 ). The addition of 0.5 wt pct Sn and 1.0 wt pct Sn resulted in a decrease of the Mn/Si The calculated Mn/Si mass ratios at the surface are also listed. ratio of the surface oxides (Figures 3 and 6 ). The addition of Sn to CMnSi TRIP steel also suppressed the internal oxidation (Figures 4 and 5) . As the addition of Sn increased, the Si concentration in the subsurface decreased, but it increased at the surface (Figure 4 ). These key observations are consistent with a mechanism in which the layer enriched by the surface-active Sn decreases the oxygen permeability. It is clear that if the presence of Sn at the surface leads to a decrease of the oxygen permeability, the dissolved oxygen concentration in the subsurface will be lowered, and the internal oxidation should be suppressed and the external oxidation should be promoted. The results calculated by numerical simulation of internal oxidation using a model of Huin et al. [12] clearly showed that oxidation depth was significantly reduced when P O2 of the atmosphere decreased (Figure 10) . Furthermore, the oxide chemistry could also be changed with the decreased dissolved oxygen concentration at the surface. The calculated results also shows that, in a high P O2 atmosphere, Si tended to be oxidized internally and Mn tended to be oxidized externally. This is because SiO 2 is more stable than MnO (Figure 1) , and SiO 2 can therefore be formed in the subsurface where the local oxygen concentration is much lower than at the outer surface. As a consequence, the surface oxide becomes richer in Mn under high P O2 conditions. In contrast, if the P O2 decreases, the surface oxide should become richer in Si, as Si will also be oxidized externally. If the dissolved oxygen concentration at the surface decreases below at critical value, the formation of MnO can be fully suppressed, while the other oxide species, i.e., 2MnOAESiO 2 or SiO 2 , can still be formed because these oxides are more stable than MnO. As a consequence, the Mn/Si ratio of the surface oxides decreases (Table IV) .
A clear mechanism for the suppression of the internal oxidation by a surface-active alloying element is not yet available. Lyudkovsky [9] reported that the oxidation rate of Si and Al in electrical steels was reduced by Sb addition. He suggested that the Sb segregated to the grain boundaries and blocked the inward diffusion of oxygen along grain boundaries. Clauberg et al. [7] however showed that the Sb effect on the suppression of the oxidation was also pronounced in single crystals of an Fe-4 wt pct Sb alloy. An alternative explanation was given by Clauberg et al., [7] who suggested that the occupation of the surface sites by the segregated Sb slows down the surface reaction. Sb has been shown to occupy potential adsorption sites for oxygen on the steel surface. [21, 22] Further work will be needed to clarify the actual mechanism. The suppression of the internal oxidation can however be explained by the following three possibilities: 
C. Effect of Sn on the Oxide Morphology
Three thin-film growth modes are usually distinguished: the layer-by-layer growth mode, the island growth mode, and the layer-plus-island growth mode. [23] The layer-by-layer growth mode requires that the surface energy of the substrate (c s ) is larger than the sum of the surface energy of the oxide film (c f ) and the interface energy of the substrate and the oxide (c i ), i.e., c s > c f + c i , whereas the island growth requires that c s < c f + c i . Amorphous a-SiO 2 has a much lower surface energy (259-287 mJ m À2 ) than a-Fe (2200-2700 mJ m À2 ). [24] [25] [26] Hence, c s is more likely to be larger than c f + c i , indicating that the layer-by-layer growth of amorphous a-SiO 2 on an a-Fe substrate is thermodynamically stable.
In the present study, the Sn addition resulted in a change of a continuous film-type to a lens-shaped island-type surface oxide. The reason for this transition may be a decrease of c s with increasing Sn content. Figure 6 shows clearly that the lens-shaped oxides were formed on the Sn-enriched TRIP steel surface. The surface energy of Sn metal (600-700 mJ m À2 ) is considerably lower than that of a-Fe (2200-2700 mJ m À2 ). [26] The Sn enrichment at a steel surface has been shown to decrease c s . [22] This surface energy reduction promotes the transition from layer-by-layer growth mode to island growth mode, as c s becomes smaller than c f + c i . Alternatively, it is possible that the Sn enrichment at the steel/oxide film interface increases c i as Sn and Si have negligible mutual solid solubilities. [27] The calculated phase diagram for the SnO-SiO 2 system [ Figure 12 (a)] shows that SnO and SiO 2 are not mutually soluble. The calculated phase diagram for the SiO 2 -Fe-Sn system shown in Figure 12 (b) reveals that Sn is not soluble in SiO 2 , whereas Fe can react with SiO 2 to form fayalite, Fe 2 SiO 4 at 1093 K (820°C). This is in agreement with the 3D APT results which show an Sn enrichment on the steel side of the steel/oxide interface in the 1 pct Sn-added TRIP steel after continuous annealing [ Figure 9 ]. This implies a weak interaction between the Sn and SiO 2 as compared to the Fe/SiO 2 interaction. The surface Sn enrichment will therefore increase the interface energy between the steel and the SiO 2 film, leading to a de-wetting of SiO 2 at the Sn-enriched steel surface. This mechanism explains why the addition of elements with a low surface energy such as Sn, Sb, and Bi results in a similar SiO 2 de-wetting effect which alters the morphology of the surface oxides.
It cannot be argued that the lens morphology of the xMnOAESiO 2 oxides is observed because the oxide thickness of the oxides is small, and the oxide film is not yet fully formed. This possibility is unlikely as Gong et al. [28] have previously observed large lens-shaped xMnOAESiO 2 oxides with a diameter of 600 nm on CMnSi TRIP steel, i.e., well beyond the film-forming stage.
In the case of the 1 pct Sn-added TRIP steel, the film-type oxides reappeared at the surface despite the fact that the Sn enrichment was higher than at the surface of the 0.5 pct Sn-added TRIP steel. The film-type oxides formed on the 1 pct Sn-added TRIP steel were pure a-SiO 2 , while the lens-shaped oxide was an Mn-Si compound oxide, xMnOAESiO 2 (x < 1). These observations suggest that the change of the chemistry of the oxides also influences their morphology. The TEM analyses carried out by Gong et al. [28] and Cho et al. [3, 29] have shown that the surface oxide morphology was influenced by the atomic Mn/Si ratio of the xMnOAESiO 2 oxides. Amorphous a-SiO 2 formed on CMnSi TRIP steel surfaces is known to have a film morphology. The Mn/Si atomic ratio, x, of the amorphous a-xMnOAESiO 2 oxide with a lens-shaped or hemispherical morphology was found to be around 0.5. [28] When x is larger than 1, the xMnOAESiO 2 oxide had a crystalline structure with a granular surface morphology. [3] The crystalline c-MnO oxide had more pronounced granular morphology. [29] Similar lens-shaped or hemispherical morphologies for the oxides formed on Mn-and Si-added steel after continuous annealing have been reported in the literature. [1, 13, 30, 31] In particular, an earlier study of Lee et al. [30] showed results which were very similar to the results shown in the present work. They observed the morphology of the surface oxides formed on three low-carbon steels with different Mn/Si ratios in the nominal steel composition. The Mn content of these steels was fixed at 0.4 wt pct and the Si contents were 0.1, 0.3, and 0.7 wt pct. When the Mn/Si wt pct ratio in the steel composition was 0.57, i.e., for the 0.7 pct Si-added steel, a network of film-type oxides was formed. When the Mn/Si wt pct ratio was increased to 1.33, i.e., for the 0.3 pct Si-added steel, hemispherical oxides were formed. As the Mn/Si wt pct ratio was increased to 4, i.e., for the 0.1 pct Si-added steel, ellipsoidal-shaped oxides were formed. The wettability of the 0.3 pct Si-added steel, which exhibited the hemispherical oxides, was considerably improved despite the fact that the Si content of the 0.3 pct Si-added steel was larger than that of 0.1 pct Si-added steel.
The schematic shown in Figure 12 illustrates the proposed mechanism for the surface selective oxidation of Sn-added CMnSi TRIP steel during continuous annealing. In the case of the reference TRIP steel [ Figure 13 (a)], MnO, 2MnOAESiO 2 , MnOAESiO 2 , and SiO 2 were thermodynamically stable in the experimental conditions ( Figure 1 ). All four oxides could in principle be formed at the surface. In some regions, SiO 2 , which is the most stable oxide, was formed internally. In the case of the Sn-added TRIP steels [ Figure 13 (b)], Sn segregated on the steel surface during annealing. The Sn-segregated layer at the surface decreased the oxygen permeability, thereby lowering the dissolved oxygen concentration in the steel subsurface. When the P O2 decreases below a critical value, the formation of the Mn-rich oxides, i.e., MnO and 2MnOAESiO 2 , is suppressed, while the formation of MnOAESiO 2 or SiO 2 is still possible. Consequently, the formation of the Mn-rich oxides on the surface of Sn-added TRIP steels was suppressed when the Sn content increased. The Sn enrichment at the steel surface changes the surface energy of steel substrate and the steel/oxide film interfacial energy. This resulted in the change of the oxide morphology from a continuous film type to lens-shaped island type.
D. Effect of Sn on the Galvanizability
It is well known that Si-rich surface oxides with a film-type morphology are more harmful to the wettability by the liquid Zn than the Mn-richer surface oxides, which tend to have a granular morphology. The present work however showed that even when the composition of the surface oxide becomes Si richer as a result of Sn additions, the galvanizability of the Sn-added TRIP steels improved. This improvement was clearly associated with the lens morphology of the oxides formed on the surface of the Sn-added TRIP steels. As the oxides had a lens morphology, the area fraction of thinner surface film-type oxide layers clearly increased (Figure 8 ). The thin oxides are expected to be easily removed during the hot dipping by alumino-thermic reaction which is a process involving the reduction of the surface oxides by the solute Al in the Zn bath. [32, 33] The oxides may also be removed from the surface into the melt by the rapid dissolution of the substrate through holes or other defects of the surface oxide. [34] In the area where oxides are removed, Fe and the solute Al in the Zn can directly react to form the Fe 2 Al 5Àx Zn x inhibition layer.
It is clear that the addition of 0.5 and 1 wt pct Sn to CMnSi TRIP steel grades is clearly too large for practical applications, considering the harmful side effects of Sn on the grain boundary cohesion. [11] However, smaller amounts, e.g., 0.05 wt pct, of Sn already resulted in a clear improvement of the wettability of the intercritically annealed TRIP steel ( Figure 11) . Furthermore, if an Sn-added CMnSi TRIP steel is annealed in a low P O2 annealing gas atmosphere with a high H 2 content and a low DP, the beneficial effect of small Sn additions on the suppression of the oxidation is expected to be even more pronounced. The present work showed that the formation of MnO at the surface could be prevented by Sn addition. It is therefore expected that Sn alloying may also be applicable to steel grades containing high levels of Mn, such as twinning-induced plasticity steels, which are known to be particularly difficult to galvanize due to surface MnO formation.
V. CONCLUSIONS
The effect of Sn additions on the external selective oxidation of CMnSi TIP steel was analyzed. A considerable amount of Sn was found to segregate to the surface of Sn-added CMnSi TRIP steel during continuous annealing. This surface Sn-enriched layer had the following effects on the surface selective oxidation of CMnSi TRIP steel:
1. The Sn-enriched layer decreased the oxygen permeability in the steel surface region. 2. The presence of the Sn-enriched layer resulted in the suppression of the internal oxidation. 3. The formation of the Sn-enriched layer prevented the formation of the Mn-rich oxides, MnO and 2MnOAESiO 2 . 4. The Sn additions resulted in a change of a contin- uous film-type to a lens-shaped island-type surface oxide. The lens morphology of the xMnOAESiO 2 oxides formed on the Sn-added CMnSi TRIP steel provided a larger surface area fraction where the oxides were thinner. 5. The addition of Sn significantly improved the galvanizability of CMnSi TRIP steel.
